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ABSTRACT Resistance to penicillin in clinical isolates of
Streptococcus pneumoniae has occurred by the development of
altered penicillin-binding proteins (PBPs) that have greatly
decreased affinity for the antibiotic. We have investigated the
origins of penicillin-resistant strains by comparing the se-
quences of the transpeptidase domain of PBP2B from 6 peni-
cillin-sensitive and 14 penicillin-resistant strains. In addition
we have sequenced part of the amylomaltase gene from 2 of the
sensitive and 6 of the resistant strains. The sequences of the
amylomaltase gene of all of the strains and of the PBP2B gene
of the penicillin-sensitive strains show that S. pneumoniae is
genetically very uniform. In contrast the PBP2B genes of the
penicillin-resistant strains show -14% sequence divergence
from those of the penicillin-sensitive strains and the develop-
ment of penicillin resistance has involved the replacement,
presumably by transformation, of the original PBP2B gene by
a homologous gene from an unknown source. This genetic event
has occurred on at least two occasions, involving different
sources, to produce the two classes of altered PBP2B genes
found in penicillin-resistant strains of S. pneumoniae. There is
considerable variation among the PBP2B genes of the resistant
strains that may have arisen by secondary transformation
events accompanied by nismatch repair subsequent to their
original introductions into S. pneumoniae.
Penicillin-resistant pneumococci (Streptococcus pneumo-
niae) were first isolated from Australia and Papua New
Guinea (1-3). Highly penicillin-resistant and multiply antibi-
otic-resistant pneumococci were later reported from South
Africa, and similar strains have subsequently been reported
worldwide (4, 5).
The development of penicillin-resistant pneumococci has
occurred as a result of more than 40 years of penicillin
therapy by the evolution of penicillin-resistant forms of each
of the five high molecular weight penicillin-binding proteins
(PBPs) (lA, 1B, 2A, 2X, and 2B) (6-9). The origin(s) of
penicillin-resistant pneumococci is unclear. Thus, it is not
known whether these strains have emerged only once, and
have subsequently spread around the world, or whether they
have emerged on numerous occasions in different countries.
Furthermore, the relative importance of the clonal spread of
penicillin-resistant strains compared to the development of
other resistant strains by the spread of altered PBP genes by
genetic transformation is unknown.
By comparing the sequences of the PBP2B gene from
penicillin-sensitive and penicillin-resistant pneumococci, 11
we show that the evolution of penicillin-resistant strains has
occurred on at least two occasions by the replacement of the
original PBP2B gene by the homologous gene from two
unknown related species.
MATERIALS AND METHODS
Bacterial Strains. The properties and dates and places of
origin of the S. pneumoniae strainstare given in Table 1.
Isolation and Nucleotide Sequencing of the PBP2B Gene.
Chromosomal DNA from pneumococcal -strains was isolated
as described (10). A 1478-base-pair (bp) fragment encoding
the transpeptidase domain of PBP2B was amplified from
chromosomal DNA by using the polymerase chain reaction
(11) and cloned in each orientation into bacteriophage M13,
as described (10). The nucleotide sequence of the 1478-bp
fragment was determined on both strands by dideoxynucle-
otide sequencing using a series of oligonucleotides that
primed from intervals along each strand of the PBP2B gene.
Occasional inconsistencies between the two readings, arising
from errors in the polymerase chain reaction (11), were
resolved by sequencing a third independent clone.
Isolation and Sequencing of the Amylomaltase Gene. A
929-bp fragment from-within the amylomaltase gene (nucle-
otides 2058-2986; ref. 12) was amplified by the polymerase
chain reaction using the primers MALup (dTATGCTAAA-
ATCTACTATGCACGTCG; nucleotides 2058-2083) and
MALdown (dGCATCATCAATCTCATTACGGTACCA;
nucleotides 2986-2961). The amplified fragment was cut with
Kpn I and inserted into M13mpl9 cut with Kpn I and HincIl.
The sequence of nucleotides 2311-2960 was determined using
the M13 universal primer and a primer corresponding to
nucleotides 2681-2700 of the amylomaltase gene. Errors
arising from gene amplification were resolved by sequencing
at least two independent plaques for each strain.
RESULTS AND DISCUSSION
Extent of Sequence Diversity Among Pneumococci. The
nucleotide sequence of the region encoding the carboxyl-
terminal 486 residues of PBP2B from 6 penicillin-sensitive
strains and 14 penicillin-resistant strains was determined. A
copy of the complete sequences can be obtained from C.G.D.
on request. The penicillin-sensitive transpeptidase domain of
high molecular weight PBPs extends from about 60 residues
before the active-site serine residue that is acylated by
penicillin to the carboxyl terminus of the protein (13). The
sequenced region of the PBP2B gene starts 191 codons before
the acylated serine residue and, therefore, includes the
complete penicillin-sensitive transpeptidase domain (10).
Abbreviations: PBP, penicillin-binding protein;.R, resistance.
'The sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M25515-M25526).
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Table 1. Properties of penicillin-sensitive and penicillin-resistant pneumococci
Strain
A (R6)
B (9858)
C (9/122)
D (NG43/69)
E (11OK/70)
F (121)
G (29044)
H (64147)
I (VAl)
J (8249)
K. (DN87/669)
L (179)
M (18/10/71)
N (53139/72)
0 (Kaguane/73)
P (DN87/629)
Q (DN88/592)
R (DN87/577)
S (264)
T (267)
Serotype
NT
19
3
12
42
23
14
6
19
19
19
23
24
6
14
23
23
23
23
23
MIC of benzyl-
penicillin
0.008
0.008
0.008
0.008
0.008
0.008
16
6
1.5
6
1
0.25
2
2
1
2
2
2
2
2
Year of
isolation
'1930
1988
1988
1969
1970
1983
1987
1978
1983
1977
1987
1983
1971
1972
1973
1987
1988
1987
1984
1984
Origin
USA
UK
UK
Papua New Guinea
Papua New Guinea
Spain
Czechoslovakia
South Africa
USA
South Africa
UK
Spain
Papua New Guinea
Papua New Guinea
Papua New Guinea
UK
UK
UK
Spain
Spain
NT, nontypable (noncapsulated) strain; MIC, minimal inhibitory concentration; S, sensitive; A, class A PBP2BR gene;
B, class B PBP2BR gene.
The sequences of the PBP2B gene from the 6 penicillin-
sensitive strains, which were isolated in three continents over
a 50-year period, were very similar. The greatest difference
was found between strains D and F, which differed at 14 of
1453 nucleotides, resulting in two amino acid differences
(Fig. 1). We also compared the sequence of part of a second
gene, malP (encoding amylomaltase; ref. 12), which has no
involvement in the susceptibility of pneumococci to antibi-
otics. A 650-bp region from within malP was sequenced in the
penicillin-sensitive strains A and B and in the penicillin-
resistant strains G, H, K, M, R, and S. These eight malP
sequences were also very uniform and varied at only 3 of 650
nucleotides. The differences at these three polymorphic sites
were all synonymous transitions.
The diversity of the sequences of the PBP2B gene of the
penicillin-sensitive strains and of the malP gene from both
sensitive and resistant strains is very low compared to that
reported in Escherichia coli (14, 15) and suggests that pneu-
mococci may have been derived relatively recently from a
single clone.
Altered PBP2B Genes Have Been Introduced by Transfor-
mation. Each of the 14 penicillin-resistant pneumococci (Ta-
ble 1) produced altered forms of PBP2B that had greatly
reduced affinity for penicillin (data not shown). The se-
quences of the PBP2B gene of each penicillin-resistant strain
showed extensive sequence divergence compared to the
sequences from the penicillin-sensitive strains (Fig. 1). The
majority of the nucleotide substitutions were synonymous
and therefore not related to the decreased affinity of PBP2B
in the resistant strains. The diversity found in the PBP2B
genes of the penicillin-resistant strains was not found in their
amylomaltase genes, indicating that the altered PBP2B genes
have not arisen within these strains but have been introduced
into them by recombinational events.
The PBP2B genes of the 14 penicillin-resistant strains fell
into two classes (Fig. 1). Nine of the strains (G-0) possessed
altered PBP2B genes that were sufficiently similar to indicate
that they were derived from a common source [class A
PBP2B-resistance (PBP2BR) genes]. Each class A gene pos-
sessed a characteristic altered sequence that resulted in the
substitution of six (or seven) contiguous residues (amino
acids 232 or 233 to 238) and also a substitution that replaced
Thr-252 with Ala. These substitutions appear to be located
within the active center of PBP2B and have been suggested
to be responsible for the low affinity for penicillin of PBP2B
encoded by the class A PBP2BR genes (10). Site-directed
mutagenesis has confirmed that the introduction of the seven
contiguous substitutions and the Thr-252 substitution into
PBP2B results in its conversion to a very low-affinity form
that is able to provide a penicillin-sensitive pneumococcus
with increased levels of resistance to penicillin (our unpub-
lished results).
Elsewhere, the nine class A PBP2BR genes were quite
variable; each had a mosaic structure consisting of blocks of
nucleotides that are similar to those in the PBP2B genes of
penicillin-sensitive strains ("sensitive blocks") and blocks
that are very different from them ("resistant blocks"; the
average proportion of nucleotides within these blocks that are
different from any nucleotide in a sensitive strain is 14%).
Fig. 2 shows the block structures of the nine class A PBP2BR
genes. The limits of the blocks were determined by inspec-
tion: an examination of Fig. 1 shows that in most cases this
is not difficult, although the precise location of the bound-
aries is in some cases uncertain. Strains I and J, M and L, and
0 and N have identical overall structures of sensitive and
resistant blocks, although, as discussed in the next section,
some sequence variation occurs between these pairs of
strains. Table 2 gives, for four strains, the proportions of
altered and of conserved sites in the two types of blocks.
The block structures of the class A PBP2BR genes could
have arisen in one of two ways. A PBP2B gene encoding a
penicillin-resistant form of PBP2B could have been intro-
duced on a single occasion into a penicillin-sensitive pneu-
mococcus from some other, as yet unidentified, bacterial
species. Subsequent to its introduction, the original contin-
uous block of altered sequence has been broken up in
different ways in different resistant isolates by secondary
recombinational events that have brought in small blocks of
homologous sequence from the PBP2B genes of penicillin-
sensitive pneumococci. As a result of the secondary recom-
bination events only the central region derived from the
introduced PBP2B gene (codons 232-252) is retained in all of
the nine resistant strains since this region is essential for the
creation of the penicillin-resistant form of PBP2B.
An alternative explanation is that there have been up to six
separate introductions of essentially the same gene, from
Class of
PBP2B gene
S
S
S
S
S
S
A
A
A
A
A
A
A
A
A
B
B
B
B
B
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CODON 0 4 567 8 01 469012 301467 279024 89024678913456780000 000 0 111111122 233 3 4444455666666 777
1234 567 9 012456701 968 9 2347956012367 013
SITE 1312331313313331311333333133333313333333333333333333323332323333331331333132333333333333313313
A GTATAGGOAOCATTTAGGTGATOCAGCCCAACTOTAGAACGAACGTATCTCGTCATGAAGTGACCACCGGTATCAAAACGACCAGTGTGATCTG
B ___________________________-_______------------------------------ C
C ------------------------------------------------------------------T---C-C---------------------
D ---------------------------------------A------------------------------CG---------------------A
E ----------------------------T-------------------------------------------C---------------------
F ----------------------------T-----------------------------------------------------------------
G
II
J
K
L
NN
0
CAGCGACATATGCAACA-CAGAATT-TT-TOTCACGAGC-AGGTA-GCT-TCAATCACTCOAGTT ----COC--G-a--GG--T---ACC-C-
---------------------------------------------C--C---------------G----CGATGG--------T---A----A
----------------------------T-----------------------------------------C-ATGG-G--GG-CTGAC---TC-
---------------C-A---A-------T----------------------------------------C-ATGG-O--GG-CTOAC---TC-
---------------C-----A-------T--------G-----------T-------------------C6AT66--------T---------
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SITE 3333333333333333133133333112312312323123131233332331331331333333133133333331331323131333313331
A AGTTGGATACGAACGGACGTCCCCCAACTCAGOCTACGGTTATTCTCACGCCATCGAACTCAACTATCTGATCCCCAGTTAGCGTACCTAAATG
B ---------
C -----
D --------------
E
---C------F - -C--T------T-----------------------------------------
G
II
J
K
L
M
N
0
P-T
--GCAT------T-----TAT-C--CC-CTA-AC-A-T-----ACT- C-----------G-T---TT-TC---
--GCAAT-----O---G-A---TAT-C--GCCTT-CTA-AC-A-GGTG--T-6--ACGT-----C-----6---------O-T---TT-TC---
--GCAAT-----6-----A---TAT-C--GCCTT-CTA-AC-A-GGTG--T-6--ACOT-----C-----0--------- -T---TT-TC---
-G----C-----T---------AT----OCCTT-CTA-GC-A-GGTG-AT-O--ACOT-------------A-------GTT----------A
--AC--T---------------TAT----GCCTT-CT-TGC-A-GGTG-AT-G--A-GT----------0--G-------ATTGCA
--AC--T----G----------TAT----GCCTT-CT-TGC-A-GGTG-AT-6--A-GT --------------------- --------ATTGCA
------T----G---- T----- AT----GCATT-CTA-GC-A-GGTG-AT-6--A-GT-------------AT----O--a-------TCG-A
------T---G----- T-----AT----GCATT-CTA-GC-A-GGTG-AT-O--A-GT------------- AT----0---------GTCG-A
-T-C-T--TTA---AA-T-CTT--TT-AATT---A-T--A-T--T-T--TGG-CT-CGTCT-CTCTAACCG-ATATOAAAGA-TOG--OOC---
33333333333333333 333334444 444444 4444444444 444444444444444444444444 44 444
CODON 11112233333455566 668890000 000111 1112222233 333333444445555666677778 88 888
26890201348413845 678980123 567345 6790247901 234568024693457023734780 12 456
SITE 332331333331333313323133132333333123333333333233313233333333333333333313113323
A GTATTGGGGGAATTTACGTACACTATGAATATCTTOACCAAACGAATTOCACCGCCTCCAOTTTAATCTCCAATCATC
C ----------------------------------------------------------T-------------------
D -----------G-------------------C----------------------T--------------G------ GT
E --------------------------A----C----------------------------------------
F --------_-----_____________________--_-- _________________________________-__
C------C---G--C--------A---GC-CG--------O-T----A----T-----T----------A--------
--T-C-----A---------------A----C--------------------------ATTCCCTCCTC-ACCCT--T
I --------------C---C-T-TG---CCATAAGCAT-TG-TTTGGA-AGTA-T-AATATTCCCTCCTC-ACCCT--T
J -----------G------C---TG-----CTCA6C---T--TTTGGA-AGTA-T-AATATTCCCTCCTC-ACCCT--T
K --T---CAA-OO------C-TGTG-C--------------0----------------------------0-----G--
L C------ C---G-OCCTAC-TGTO------ C------T-------------------------------0-------T
M C------C---G-GCCTAC-TGTG------C------T-------------------------------G-------T
N -CT-C----AGGC-ACTACGTGTG-C---CTCAGC---TG-TTTGGA-AGTATT-AATATT-CCTCCT--ACCC---T
o -CT-C----AGGC-ACTACGTOTOOC---CTCAGC---TG-TTTGGA-AGTATT-AATATT-CCTCCT--ACCC---T
P-T ---CCT-C-------------------------------------------------------------6--------
FIG. 1. Sequence variation in the PBP2B genes of penicillin-sensitive and penicillin-resistant pneumococci. Each of the sites where the
sequence of one or more of the PBP2B genes differs from that of strain A are shown. Sites where all of the 20 sequences are identical are not
shown. Codons 1-9 are not included since this region has not been sequenced for all strains. Sites 1, 2, or 3 indicate the first, second, or third
nucleotide in the codon, respectively. Strains A-F are penicillin-sensitive, strains G-O possess class A PBP2BR genes, and strains P-T possess
class B PBP2BR genes. The numbering of the codons corresponds to that in ref. 10.
different members of a genetically diverse species. The
different block structures observed in the strains could have
arisen at the time of the original introductions if the DNA
encoding the PBP2B gene from the donor species was not
incorporated into the pneumococcus as a single interrupted
block. Alternatively, there may have been different histories
of secondary recombination events since introduction (the
identical block structures of strains I and J, M and L, and 0
and N indicate that the PBP2BR genes of each of these pairs
of strains must have arisen from the same introductions).
The different block structures may have arisen by second-
ary recombinational events or, on the multiple introductions
model, they may have been present since the original intro-
ductions. They cannot, however, represent variation present
in the donor species, since there is no way in which the donor
could contain differing patterns of blocks of nucleotides that
are almost identical to those in penicillin-sensitive pneumo-
cocci, interspersed with sequences showing 14% divergence.
We assume that on either model the original introduction
and the secondary recombinational events have occurred by
transformation. Phage-mediated transduction is also known
in pneumococci but we consider this a less attractive alter-
native since it is likely to be rare compared to transformation
(16).
The introduced PBP2B gene presumably carried most of
the 212 nucleotide substitutions now found in one or more of
the class A genes (some of those substitutions that result in
alterations in the amino acid sequence of PBP2B may have
arisen since the introduction of the gene as a result of
continuing selection for increased penicillin resistance). This
level of divergence (14%) is far more than was found within
pneumococci and indicates that the altered class A PBP2BR
gene originated in another closely related species. The pos-
sibility that the altered regions of the PBP2B genes of
penicillin-resistant pneumococci were derived from other
pneumococcal PBP genes, rather than from the PBP2B gene
of another species, can be discounted since oligonucleotide
probes based on sequences from the altered regions failed to
detect these sequences in penicillin-sensitive strains.
The other five penicillin-resistant strains (P-T) possessed
identical altered PBP2B genes (class B PBP2BR genes) that
differed from the PBP2B genes of penicillin-sensitive strains
by 75 nucleotide substitutions, all but one in the first 331
codons, resulting in 14 amino acid substitutions. The differ-
ences between the nucleotide substitutions in the class A and
class B PBP2BR genes suggest that the class B gene arose
independently by the introduction of a homologous gene from
a second unknown source. The class B gene, however,
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Table 3. Sequence divergence between class A
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FIG. 2. Block structures of the class A PBP2BR genes. The solid
blocks represent regions of the gene where there are many sequence
differences compared to the corresponding regions in penicillin-
sensitive strains. The figures below the solid blocks give the numbers
of nucleotide differences and, in parentheses, of amino acid differ-
ences. The PBP2B genes of strains J, L, and N were almost identical
in sequence and block structure to those of strains I, M, and 0,
respectively. If two or more strains have solid blocks in the same
region of the gene, then their sequences in these regions are similar
but not identical. The vertical lines above the solid blocks represent
"conservative sites" (for definition, see Table 2). The sequences of
those regions of the gene shown as thin lines resemble those of the
penicillin-sensitive strains but differ from them at the sites indicated
by the vertical marks below the lines.
showed some similarity to the class A gene; of the 75
substitutions present in the class B PBP2BR gene, 29 are
present in at least one of the class A PBP2BR genes, which
is a significantly higher number of common changes than
would be expected by chance. It is not clear whether the
resemblance reflects a similarity between the two species that
donated the class A and class B PBP2BR genes to the
pneumococcus or convergence that has occurred by recom-
Table 2. Evidence for blocks of altered nucleotides in class A
PBP2BR genes
Codon Altered nucleotides, no. Conservative
Strain range Syn. Not syn. Total sites, no.
I 9-135 0 0 0 67
136-297 34 19 (12) 53 20
298-365 1 0 1 17
366-486 34 12 (7) 46 10
0 9-68 2 2 (2) 4 24
69-167 35 9 (6) 44 12
168-225 2 0 2 12
226-252 9 14 (7) 23 5
253-293 2 1 (1) 3 7
294-486 43 16 (13) 59 18
G 9-114 41 18 (10) 59 4
115-231 10 4 (3) 14 22
232-252 5 17 (9) 22 3
253-486 20 2 (2) 22 68
H 9-220 11 1 (1) 12 83
221-297 16 17 (10) 33 10
298-452 1 1 (1) 2 53
453-486 12 5 (3) 17 2
An altered nucleotide is one that differs from that found at the
corresponding position in any of the penicillin-sensitive strains. The
figures in parentheses are the numbers of amino acid alterations
within each block. A conservative site is one that is the same as that
found in at least one of the penicillin-sensitive strains but at which a
different nucleotide occurs in at least one of the class A PBP2BR
genes. Syn., synonymous.
PBP2BR genes in
Differences, Sites,
Strains no. no. % divergence
0 and N 1 1453 0.07
M and L 1 1453 0.07
I and J 15 1453 1.0
J and M 14 780 1.79
J and 0 18 720 2.50
H and K 27 1071 2.52
G and K 50 942 5.31
The extent of divergence in the sequences of the class A PBP2BR
genes was determined for the whole sequenced region in the com-
parisons of strains 0 and N, and M and L, and I and J, which have
identical block structures. In the other comparisons the divergence
was measured in those regions that appeared to be derived from the
same source (i.e., in regions of sensitive blocks or resistant blocks).
bination between the two altered PBP2BR genes since their
original introductions into pneumococci.
The most likely sources of the class A and class B PBP2BR
genes are other streptococcal species.
Origins of the Within-Block Variation Between Class A
PBP2BR Genes. One of the features of the various class A
PBP2BR genes is the presence within corresponding blocks of
considerable (mainly synonymous) sequence variation. Se-
quence variation is found both in blocks believed to be
derived from a penicillin-sensitive pneumococcus (sensitive
blocks; e.g., codons 9-220 of strains H and K differ at 15
nucleotides) and in blocks derived from the introduced pen-
icillin-resistant PBP2B gene (resistant blocks; e.g., codons
366-486 of strains J and N differ at 9 sites). Some typical data
are given in Table 3. There is up to 1% divergence between
strains with identical block structures (strains I and J) and up
to 5% divergence between strains with different block struc-
tures (strains G and K).
The presence of sequence variation between the corre-
sponding regions of resistant blocks can be readily explained
on the multiple introductions model by diversity within the
species that donated their PBP2B genes. The presence of as
much sequence variation in the sensitive blocks as in the
resistant blocks is more difficult to explain on this model as
the former blocks are derived from penicillin-sensitive pneu-
mococci that we have shown to vary very little.
One argument against the multiple introduction model is
the presence of sequence variation between strains I and J.
The PBP2BR genes of these two strains must be derived from
the same introduction, as otherwise two different introduced
genes would have to have followed an identical pattern of
secondary transformation events to produce the same block
structures, which is highly implausible. Yet these strains
differ by 15 substitutions (1% divergence): if this much
divergence can occur between strains that, almost certainly,
are derived from a single introduction, there is no reason why
more extensive divergence should not have occurred be-
tween class A PBP2BR genes that have undergone different
histories of secondary transformation events after the origi-
nal introduction.
The origin of the variation between the various class A
PBP2BR genes is unclear. However, assuming the introduc-
tion of the altered PBP2B gene has occurred since the advent
of penicillin into clinical medicine, the level of variation is far
too high to be explained simply by point mutation. A possible
explanation that would explain the pattern of variation found
in both sensitive and resistant blocks and that would be
compatible with a single introduction model is some type of
mismatch repair process during both the secondary transfor-
mation events and as the altered gene spreads horizontally
through the pneumococcal population. This explanation is
G)
H)
K)
M)
0)
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not entirely satisfactory, as the known mismatch repair
processes in pneumococci operate efficiently to eliminate
single base-pair mismatches but are not expected to correct
occasional mismatches within an extensively mismatched
heteroduplex (17), as would be required to explain the
variation in the class A PBP2BR genes. However, almost all
studies of mismatch repair in pneumococci have been carried
out with single base-pair or small insertion/deletion mis-
matches, and little is known about situations where extensive
mismatching occurs (17).
Origins of Penicillin-Resistant Pneumococci. The earliest
penicillin-resistant pneumococci in our collection that con-
tained the class A PBP2BR gene were isolated in Papua New
Guinea between 1971 and 1973. Two ofthese strains had class
A genes that were almost identical in sequence and block
structure (N and 0), whereas the third strain (M), which was
the earliest isolate, had a class A gene with a different block
structure. If we assume that there was a single introduction,
it is likely that it occurred some years before the latter strain
was isolated in 1971, since its block structure shows that
extensive secondary transformations have already occurred.
It is possible that the original introduction of the class A
PBP2BR gene occurred in Papua New Guinea during the
1950s when penicillin was used extensively to control the
incidence of yaws and in the treatment of respiratory infec-
tions that were common in this region (2, 3). Subsequently the
class A PBP2BR gene appears to have spread worldwide and
is now found in penicillin-resistant pneumococci of many
serotypes (Table 1).
The strains possessing the class B gene were obtained from
Spain and the United Kingdom and are probably members of
the same clone since all were serotype 23 and were also
resistant to tetracycline and chloramphenicol (Table 1).
Strains with these properties were first reported from Spain
in the late 1970s (18-20) and appear subsequently to have
been imported into the United Kingdom, where they are now
the most prevalent class of penicillin-resistant pneumococci
(21, 22). The introduction of the class B PBP2BR gene into
pneumococci may have been associated with the emergence
of penicillin-resistant pneumococci in Spain during the late
1970s, although an earlier introduction cannot be discounted.
The class B PBP2BR gene was not, however, found in a small
collection of penicillin-resistant pneumococci isolated in
Papua New Guinea or Australia in 1969/70 (C.G.D., D.H.,
and B.G.S., unpublished results).
Altered PBPs in Other Bacterial Species. The emergence of
penicillin resistance by the development of penicillin-
resistant PBPs has been documented in Neisseria gonor-
rhoeae (23), Neisseria meningitidis (24), Haemophilus influ-
enzae (25), and Staphylococcus aureus (26), in addition to S.
pneumoniae. Interestingly all of these bacterial species,
except Staphylococcus aureus, are naturally transformable,
and, in those that have been examined [N. gonorrhoeae (27),
N. meningitidis (29), and S. pneumoniae], the development
of penicillin-resistant PBPs appears to have occurred not by
mutation and selection, but by the introduction of a homol-
ogous PBP from a closely related species. The mechanism by
which recruitment of the homologous PBP of a related
species provides increased resistance to penicillin has been
outlined elsewhere (9, 27).
Resistance to methicillin (a penicillin) in Staphylococcus
aureus has also occurred by the introduction of a penicillin-
resistant PBP from another species, but, in this case, the PBP
is not homologous to any of the normal PBPs of the species
and has been acquired as an additional PBP by an illegitimate
recombinational event (28).
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